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Abstract
Sodium triethylenetetraaminehexaacetatodi [oxovanadate(IV)] octahydrate 
(Na2[(VIVO)2(ttha)] • 8 H2O) has been isolated and characterized spectroscopically and 
by single crystal X-ray diffraction. This complex was also modeled by density functional 
theory (DFT), and the spectroscopic data are interpreted in light of the DFT results. 
Additionally, the complexes Na[VO2(pydim-X)] (pydim-X = 4-X-2,6- 
pyridinedimethanolate; X = H, Cl, NMe2) and Na[VO2(dipic)] (dipic = 2,6- 
pyridinedicarboxylate) were isolated and characterized. The relative stabilities of these 
complexes were assessed by monitoring reactions between each vanadium complex and 
either H2pydim-X or H2dipic by *H NMR spectroscopy. The order of relative stability, 
from the least stable to the most stable, goes as: [VO2(pydim-Cl)]- < [VO2(pydim)]" < 
[VO2(pydim-NMe2)]- < [VO2(dipic)]-. Moreover, when Na[VO2(pydim-Cl)] and 
Na[VO2(pydim-NMe2)] are decomposed in acidic solution, the protonated ligands 
[H3pydim-Cl]+Cl- and [(H3pydim-NMe2)Cl]2(H2O) are obtained. These protonated 
ligands were structurally characterized by single crystal X-ray diffraction.
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Chapter 1 General Introduction
1.1 Introduction
As of 2004, Diabetes (diabetes mellitus) affected 140 million people worldwide [1]. 
Insulin, a hormone that is produced in the pancreas, was isolated in 1922 at the 
University of Toronto. Today insulin is the most accepted treatment for diabetes. Since 
insulin is degraded in the stomach, diabetic patients must inject the insulin directly into 
the bloodstream. Insulin treatment also has several other drawbacks. First of all, insulin 
must be stored in a cool area for optimal life. Insulin at ambient temperatures generally 
has a life of 28 days whereas unopened insulin stored near 3 °C can last up to two years. 
Temperature extremes can destroy the hormone, this includes freezing. If insulin is 
injected at cool stable temperatures, more discomfort is noticed than insulin injected at 
room temperature, and thus insulin may be heated above optimal conditions to inject 
comfortably.
Much research over the last few decades has been devoted towards the development 
a less invasive and more convenient method for treating diabetes. One possible 
alternative to insulin treatment is to use vanadium based compounds, which may offer an 
orally administered treatment.
Vanadium itself has been used to treat diabetes since 1899, when Dr. Lyonett treated 
60 diabetes patients with sodium metavanadate [2]. The diabetic patients consumed 4-5 
mg of the salt three times a week before meals. A slight decrease in blood glucose levels
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were observed, without any noted side effects. After the discovery of insulin in 1922, 
interest in vanadium treatment faded. Instead vanadium compounds were examined for 
their ability to control serum cholesterol [3-5]. In the mid 1970s continued research 
revealed that vanadium can inhibit (sodium+potassium)-ATPase [6].
As interest in the bio-significance of vanadium compounds grew, research was 
directed at glucose metabolism studies. By the late 1970s and early 1980s research 
confirmed that vanadium can play a significant role in the oxidation of glucose [7-10]. In 
1985 a breakthrough in vanadium treatment for diabetes occurred when an in vivo study 
involving streptozotocin-induced diabetic rats were treated with sodium orthovanadate 
[11]. This study was a model for many others that followed, and illustrated even dilute 
solutions of vanadium can play a key role in controlling diabetes.
To date, a wide variety of vanadium compounds have shown the ability to lower 
blood glucose levels. For example, vanadium compounds with oxidation states of (III), 
(IV), and (V) have been effective potential drugs [12-14]. Inorganic and organic 
vanadium compounds, along with compounds with four, five, six and seven coordination 
numbers have also been successful [11, 14]. Even cationic and anionic compounds are 
viable options for insulin-mimetic drugs [12, 14, 15].
Though inorganic and organic compounds have been shown to lower glucose levels, 
compounds with chelating organic ligands have been the most successful. These organic 
compounds are more effectively absorbed into the gastrointestinal tract [16, 17]. Studies
2
have shown after 24 hours 75% of vanadyl sulfate is removed in the feces compared to 
62% of Bis(maltolato)oxovanadium(IV) [18].
Though vanadium compounds have been successful at lowering glucose levels in 
diabetic patients, the toxicity of these compounds has prevented wide spread use. These 
vanadium compounds have been found to incorporate into the bones and organs of 
streptozotocin -induced diabetic rats [19, 20]. A recent study looking at 
Bis(picolinato)oxovanadium(IV), considered to be one of the most potent insulin-mimetic 
vanadium complexes, showed that when vanadium is incorporated into the bones and 
organs, the complex must first be completely decomposed [21].
Along with being absorbed more readily, chelating organic complexes have shown 
higher toxicities than the inorganic group of complexes [18, 22]. 
Bis(maltolato)oxovanadium(IV) for example accumulates in the bone and organ tissue
1.4-4 times the rate of vanadyl sulfate depending on the tissue [18].
One possible explanation for the accumulation of vanadium in these regions of the 
body is the influence of serum proteins [18]. Transferrin and albumin for example have a 
strong affinity for vanadium and have been shown to displace the organic ligands [23]. 
Since little is known on how the vanadium compounds facilitate the insulin-mimetic 
properties, understanding the interactions between the vanadium compounds and serum 
proteins are increasingly important. Transferrin has been modeled by several chelating 
ligands in the past, however each have had their drawbacks [6, 7]. Transferrin itself is an 
80 kilodalton protein with two active sites vanadium can bind to [24]. The vanadium
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center exists as vanadium (IV), and the geometry is octahedral [18, 24]. A realistic 
model would incorporate dual binding sites, the correct oxidation state of vanadium, and 
an octahedral geometry. Triethylenetetramine-N,N,N',N',N'',N''-hexaacetic acid (ttha) is 
a molecule that exhibits all of the above features. Though vanadium has successfully 
been coordinated to ttha in the past, it has never been proposed as a model for the 
transferrin-vanadium complex.
Along with understanding the interaction of these serum proteins with vanadium 
based molecules, understanding how successfully various organic ligands bind to the 
vanadium center is key to developing a useful drug. If the various serum proteins’ 
affinity for vanadium is influential in the buildup of vanadium in bone and organ tissues, 
than a drug which possesses ligands that coordinate to the vanadium center strong enough 
to remain stable in the presence of these serum proteins may reduce these negative side 
effects.
Based on vanadium’s unique chemistry in the body, there are several properties 
that are required to design a successful orally administered drug. First the compound 
must be stable in the stomach where pH values are between 1-2. Next the compound 
should be stable in blood pH ranges and in the presence of serum proteins. Finally the 
drug must be readily absorbed in the gastrointestinal tract.
Research over the last two years has been aimed at designing an effective vanadium- 
transferrin model. The work contained in chapter one presents the idea of using a 
vanadium-ttha complex as a suitable model. Though dinuclear vanadium-ttha
4
5compounds have been formed the sodium analog of these compounds has previously not 
been synthesized. Synthesis and characterization of the novel compound 
Na2[(VO)2(ttha)] • 8 H2O is presented in chapter one along with pH and thermal stability 
studies.
Also during this time 4-substituted 2,6-pyridinedimethanol ligands were developed 
and their stabilities were evaluated relative to each other. The goal of this study was to 
examine how electron donating or withdrawing groups influence the stabilities of the 
ligands coordinated to vanadium.
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8Chapter 2 Spectroscopic and Structural Characterization of Na2[(VO)2(ttha)] • 8 
H2 O; Interpreting the Results with Density Functional Theory1
2.1 Introduction
The X-ray structures of several compounds containing [(VIVO)2(ttha)]2- have been 
reported [1 -  4], and the magnetic and spectroscopic properties of some of these 
compounds have been described in detail [1]. This complex ion consists of two 
seemingly independent (VO)(edta)-like moieties linked through an ethylene tether. Our 
initial interest in [(VO)2(ttha)]2- stemmed from the notion that this compound may serve 
as a model of the vanadium -  transferrin complex [5 -  16]. The transferrin-vanadium 
complex has been modeled in the past, but each model has differed from transferrin in 
some notable respect. For instance, one molecule of transferrin can bind two vanadium 
atoms, but the model [(VIV=O)(N,N’-6is(2-hydroxybenzyl)-N,N’-6is(2- 
pyridylmethyl)ethylenediamine)] is mononuclear [17]. Moreover, transferrin has been 
shown to bind vanadium (IV) preferentially over vanadium (V), yet the dinuclear model 
(NH4)2[V(OC(CH2CH3)2COO)(O)2]2 features vanadium (V) and not vanadium (IV) [18]. 
A better transferrin-vanadium model complex would be dinuclear and would feature 
vanadium (IV) ions. Vanadyl complexes of the triethylenetetraamine- 
N,N,N',N’’,Nm,N"’-hexaacetate ion (ttha) exhibit both of these features, yet vanadyl-ttha 
complexes have never been proposed as models for the transferrin-vanadium complex.
1 Z.N. Pickett, W.A. Howard, K. Pang, Polyhedron. 29 (2010) 521.
Before beginning our modeling studies however, we sought a better 
understanding of the spectroscopic and electronic properties of [(VO)2(ttha)]2- by 
carrying out DFT calculations. In this thesis, a new synthesis of Na2[(VO)2(ttha)] • 8 H2O 
is described, as well as the X-ray structure and some spectroscopic characteristics. 
Furthermore, the anion [(VO)2(ttha)]2- was modeled by DFT and TDDFT. The 
computational results are used to interpret the actual structural and spectroscopic data.
2.2 Results
As summarized in Figure 2.1, triethylenetetraamine-N, N, N ’, N ”, N ’”, N ’”- 
hexaacetic acid (H6ttha) reacts with three equivalents of vanadyl(IV) acetate in aqueous 
solution at 55°C to yield pentaaquooxovanadium(IV) triethylenetetraaminehexaacetatodi 
[oxovanadate(IV)] tetrahydrate ([VO(H2O)5][(VO)2(ttha)] • 4 H2O), a royal blue complex 
previously described as the product from the reaction between H6ttha and vanadyl(IV) 
sulfate at 150°C [1]. This was verified by obtaining a structure using single crystal X-ray 
diffraction. Since the structure obtained was identical to the data reported previously, the 
single crystal X-ray diffraction data was not presented for this compound. Reacting 
H6ttha with two equivalents of vanadyl(IV) acetate in water at 55°C produces a mixture 
of [VO(H2O)5][(VO)2(ttha)] • 4 H2O and unreacted H6ttha, which was verified by 
comparing the UV-Vis spectra.
Figure 2.2 summarizes the synthesis of the blue sodium salt Na2[(VO)2(ttha)] • 8 
H2O, which is conveniently prepared by titrating an aqueous suspension of H6ttha with 
six equivalents of NaOH (aq), followed by reaction two equivalents of
9
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Figure 2.1. Synthesis of [(H2O)5VO][(VO)2(ttha)] • 4 H2O.
• 4 H 2O
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HO' OH 1. 6 NaOH (aq)
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O TOH
2. 2 [(H20)5V0][(V0)2(ttha)](H20)4, 60°C
O
O
O
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O
Figure 2.2. Synthesis of Na2[(V0)2(ttha)] • 8 H20.
[V0(H20 )5][(V0)2(ttha)] • 4 H20  at 60°C. This straightforward synthesis contrasts with 
a previously published procedure for making the potassium analog, K2[(V0)2(ttha)] • 6 
H20, which involved treating NH4VO3 with five equivalents of H6ttha, malic acid, and 
KOH in aqueous solution at 85°C [2]. Apart from losing the eight associated water 
molecules, solid Na2[(V0)2(ttha)] • 8 H20  is stable at 100°C under vacuum for at least 
one day, and an aqueous solution of Na2[(V0)2(ttha)] • 8 H20  is also stable at 100°C for 
at least one week.
2.3 X-Ray Structure of Na2[(VO)2(ttha)] • 8 H2O
Na2[(V0)2(ttha)] • 8 H20  was structurally characterized by single crystal X-ray 
diffraction. A thermal ellipsoid plot is shown in Figure 2.3, and the crystal and structural 
refinement data are summarized in Table A1 in the Appendix. Selected bond lengths and 
bond angles for Na2 [(V0 )2(ttha)] • 8 H2O are compared with those of the previously 
published X-ray structures of Na2[(V0)2(ttha)] • 6 H20  [3], Na2[(V0)2(ttha)] • 10 H20  
[4], [(H2°)5V0][(V0)2(ttha)] • 4 H2O [1], and K2[(V0)2(ttha)] • 6 H2O [2] in Table 2.1. 
Moreover, the dianion [(VO)2(ttha)]2- was modeled by DFT calculations, and the 
calculated bond lengths and angles are also included in Table 2.1 for comparison. The 
DFT calculated atomic coordinates and total energy can be found in Table A2 of the 
Appendix.
For the most part, there is little variation in the structures of the [(V0)2(ttha)]2- 
anions among Na2[(V0)2(ttha)] • 8 H20 , Na2[(V0)2(ttha)] • 6 H20, Na2[(V0)2(ttha)] • 10
11
Figure 2.3. Thermal Ellipsoid Plot of Na2[(V0)2(ttha)] • 8 H2O.
H20, [V0(H20 )5][(V0)2(ttha)] • 4 H20, and K2[(V0)2(ttha)] • 6 H20. For each structure, 
there exists a center of inversion in [(V0)2(ttha)]2-, and both vanadium centers possess a 
pseudooctahedral coordination geometry. The [V = O] bond distance of 1.595(3) A in 
Na2[(V0)2(ttha)] • 8 H20  is typical [19] and compares favorably with those in the other 
structures shown in Table 2.1. The [V -  N(2)] bond distance is consistently longer by ca. 
0.1 to 0.15 A than the [V -  N(1)] distance in all five X-ray structures presented in Table
2.1, and this same observation is made for the DFT calculated structure as well. The 
N(2) atom is trans to the terminal oxo ligand, while the N(1) atom is trans to a 
carboxylate oxygen atom. The longer [V -  N(2)] bond distance is simply a consequence 
of the stronger trans influence of the oxo ligand versus the carboxylate oxygen atom. A 
similar situation in which one nitrogen atom is trans to a terminal oxo ligand and the
13
other nitrogen atom is trans to a carboxylate oxygen atom is found in the X-ray structures
of P-cw-NH4[VO2(edda)] [20], Ba(VO)(edta) [21], Na(VO)(edtaH) • 4 H 2O [22],
Na3[VO2(edta)] • 4 H2O [23], and NH4[VO2(edtaH2)] • 3 H2O [24]. As in the case with
[(VO)2(ttha)]2-, the V -  N bond distance, where the nitrogen atom is trans to the terminal
oxo ligand, is longer by ca. 0.1 to 0.15 A than the V -  N bond distance, where the
Table 2.1. A Comparison of Selected Bond Lengths (A) and Angles (degrees) from the 
Actual X-Ray Structures of Na2[(VO)2(ttha)] • 8 H2O,(a) Na2[(VO)2(ttha)] • 6 H2O,(b) 
Na2 [(VO)2(ttha)] • 10 H2O,(c) [(H2O)5VO][(VO)2(ttha)] • 4 H2O,(d) and K2 [(VO)2(ttha)] •
6 H2O,(e) and the DFT Calculated Structure of the [(VO)2(ttha)]2- Ion.(a)
Bond Length or Angle DFT
Calculated
Structure
Na2 [(VO)2 (tth 
a)] • 8 H2O
Na2 [(VO)2 (t 
tha)] • 6 
H2O
Na2 [(VO)2 (t 
tha)] • 10 
H2O
[(H2O)5 VO] 
[(VO)2(tth 
a)] • 4 H2 O
K2 [(VO)2( 
ha)] • 6 
H2O
V = O(1) 1.59761 1.595(3) 1.618(3) 1.605(8) 1.610(2) 1.603(2)
V -  N(1) 2.26651 2.157(4) 2.174(4) 2.163(5) 2.177(3) 2.162(2)
V -  N(2) 2.41121 2.291(4) 2.289(4) 2.294(7) 2.278(3) 2.290(2)
V -  O(6) 1.89615 2.013(3) 1.993(3) 2.006(5) 1.999(2) 2.003(2)
V -  O(4) 1.90313 2.016(3) 2.001(3) 1.986(4) 1.994(2) 2.004(2)
V -  O(2) 1.90834 1.998(3) 1.998(3) 1.986(4) 1.989(2) 1.989(2)
O(5) -  Na(1) 2.401(3) 2.561(6) 2.356
Na(1) -  O(2S) 2.415(4) 2.366(4) 2.455
O(1) -  V -  N(1) 105.068 102.63(15) 101.2(1) 100.47(11) 101.61(8)
O(1) -  V -  N(2) 174.405 171.10(15) 172.1(2) 172.5(3) 174.14(12) 172.70(7)
O(1) -  V -  O(6) 102.343 103.22(15) 104.2(2) 105.45(11) 104.46(8)
O(1) -  V -  O(2) 99.7311 103.35(14) 102.0(2) 102.25(12) 102.74(7)
O(1) -  V -  O(4) 101.156 95.38(14) 95.5(2) 96.67(12) 95.29(7)
N(1) -  V -  N(2) 77.4262 80.65(13) 80.4(1) 80.2(2) 79.96(9) 80.18(6)
N(1) -  V -  O(2) 88.6019 80.66(13) 80.8(1) 80.5(2) 80.09(10) 80.50(6)
N(1) -  V -  O(6) 151.960 153.39(13) 154.0(1) 153.5(2) 153.04(10) 152.90(6)
N(1) -  V -  O(4) 79.8404 89.27(13) 88.1(1) 89.25(10) 91.74(6)
N(2) -  V -  O(2) 75.1937 85.29(13) 85.9(1) 83.60(10) 84.82(6)
N(2) -  V -  O(6) 75.8108 74.72(13) 75.1(1) 94.0(2) 75.01(9) 74.96(6)
N(2) -  V -  O(4) 84.1640 76.29(12) 76.8(1) 76.8(2) 77.48(9) 77.23(6)
O(6) -  V -  O(2) 92.5355 87.38(13) 88.7(1) 87.27(10) 86.61(6)
O(6) -  V -  O(4) 89.2439 94.47(12) 94.6(1) 94.9(1) 93.14(6)
O(2) -  V -  O(4) 158.144 160.25(12) 160.8(1) 159.7(2) 159.66(10) 161.45(6)
(a) This work; (b) Reference 3; (c) Reference 4; (d) Reference 1; (e) Reference 2
nitrogen atom is trans to a carboxylate oxygen atom, in the structures of P-cis- 
NH4[VO2(edda)], Ba(VO)(edta), and Na(VO)(edtaH) • 4 H2O. In contrast however, the 
two V -  N bond lengths in Na3[VO2(edta)] • 4 H2O (2.359(2) vs. 2.366(2) A) and in 
NH4[VO2(edtaH2)] • 3 H2O (2.351(2) vs. 2.362(3) A) are effectively the same, despite the 
fact that one nitrogen atom is trans to an oxo ligand while the other is trans to a 
carboxylate group. Moreover, the two V -  N bonds in Na[V(edta)(H2O)] • 3 H2O, which 
has no terminal oxo ligands, are in chemically similar environments, and the bond 
distances are very close (2.225(2) and 2.217(3) A) [25].
There is at least one significant difference, however, among the structures of the 
[(VO)2(ttha)] " anions of the different compounds represented in Table 2.1. While the 
N(2) -  V -  O(6) bond angle is about 74 or 75° in four of the structures in Table 2.1, this 
bond angle is reported to be 94.0(2)° in Na2[(VO)2(ttha)] • 10 H2O [4]. For comparison, 
the DFT calculated N(2) -  V -  O(6) bond angle is 75.81°.
A second thermal ellipsoid plot shown in Figure 2.4 reveals the coordination 
geometry of the sodium ions in Na2[(VO)2(ttha)] • 8 H2O. Each sodium ion in 
Na2[(VO)2(ttha)] • 8 H2O is six-coordinate, bonded with two bridging carboxylate oxygen 
atoms, two bridging water molecules, and two terminal water molecules. Moreover, 
there are two additional water molecules per Na2[(VO)2(ttha)] formula unit that are 
hydrogen bonded to carboxylate oxygen atoms, bringing the total number of water 
molecules to eight per Na2[(VO)2(ttha)] formula unit. The [Na(1) -  Na(2)] distance in 
Na2[(VO)2(ttha)] • 8 H2O is 3.348 A. Interestingly, the coordination environment of the
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sodium ions in Na2[(VO)2(ttha)] • 8 H2O is not the same as that in Na2[(VO)2(ttha)] • 6 
H2O [3], where one sodium ion is five-coordinate and the other is six-coordinate.
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Figure 2.4. Different View of Thermal Ellipsoid Plot of Na2[(VO)2(ttha)] • 8 H2O, 
Showing the Octahedral Coordination Environment of the Sodium Cation.
In general, there is an overall agreement in the selected bond lengths and angles 
between the DFT calculated structure and the five experimental X-ray structures. There 
are some notable differences however. For example, the calculated [V -  N(1)] and [V -  
N(2)] bond distances are > 0.1 A longer than the actual [V -  N(1)] and [V -  N(2)] bond 
distances in all five of the X-ray structures. The calculated [V -  O(carboxylate)] bond 
distances are consistently ca. 0.1 A shorter than the actual [V -  O(carboxylate)] bond 
distances. Moreover, some of the calculated bond angles differ significantly from the 
actual bond angles. As an example, the calculated [N(1) -  V -  O(4)] bond angle of 
79.8404° is ca. 10° lower than the actual [N(1) -  V -  O(4)] bond angle in each of the five 
structures. It should be noted that overall agreement between the DFT-calculated
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structure and the actual X-ray structure has been reported for some other dinuclear 
oxovanadium complexes as well [26].
2.4 Infrared Spectrum of Na2[(VO)2(ttha)] • 8 H2O
The actual infrared spectrum of Na2[(VO)2(ttha)] • 8 H2O and a DFT calculated 
infrared spectrum of [(VO)2(ttha)]2- are shown together in Figure 2.5, and the calculated 
absorption frequencies and their assignments are summarized in Table 2.2. The overall 
shapes of the calculated and actual spectra are similar, and some peaks in the actual
Figure 2.5. Experimental Infrared Spectrum of Na2[(VO)2(ttha)] • 8 H2O and Calculated 
Infrared Spectrum of [(VO)2(ttha)]2-.
spectrum can be assigned based on visual comparison with the calculated spectrum. For 
instance, visual comparison of the two spectra implies that the very strong peak at 1812 
cm-1 in the calculated spectrum corresponds with the very strong peak at 1641 cm-1 in the
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Table 2.2. DFT Calculated Infrared Absorptions and Peak Assignments for
[(VO)2(ttha)]2-
Absorption (cm-1) and Peak Assignment Absorption (cm-1) and Peak Assignment
3415 w, C -  H stretch) 1107 (w, C -  C stretch)
3267 w, C -  H stretch) 1045 (w, C -  C stretch)
1826 (m, C = O stretch) 1029 (w, C -  C stretch)
1812 (vs, C = O stretch) 997 w, H -  C -  H twist)
1805 (s, C = O stretch) 976 w, H -  C -  H twist)
1644 (w, H -  C -  H bend) 918 w, C -  C stretch)
1641 (w, H -  C -  H bend) 898 w, C -  C stretch)
1631 (w, H -  C -  H bend) 874 w, C -  N stretch)
1622 (w, H -  C -  H bend) 857 w, C -  N stretch)
1502 (w, C -  C stretch) 821 w, H -  C -  H twist)
1486 (w, C -  N stretch) 716 w, C -  O stretch)
1415 (w, C -  N stretch) 684 w, C -  C, C -  O stretches)
1397 (w, H -  C -  H twist) 677 w, C -  O stretch)
1338 (w, H -  C bend) 633 (w)
1290 (m, C -  O stretch) 572 (w)
1266 (m, H -  C -  H twist) 561 (w)
1256 (s, C -  O stretch) 542 (w)
1252 (m, C -  O stretch) 516 (w)
1242 (w, C -  O stretch) 486 (w)
1199 (w, V = O stretch) 459 (w)
1166 (w, C -  N -  C bend) 436 (w)
actual spectrum. DFT assigned the peak at 1812 cm-1 as a carbonyl stretch, and so the 
peak at 1641 cm-1 in the actual spectrum is most likely a carbonyl stretch. A strong broad 
peak centered at 3437 cm-1 appears in the actual infrared spectrum, and this peak 
comprises the vO-H stretches of the associated water molecules. No water molecules 
were included in the DFT calculation, and so this broad peak did not appear in the 
calculated spectrum. The calculated vV=o stretching frequency is 1199 cm-1, which is
higher than the range of ca. 875 to 1035 cm-1, where vV=O stretching frequencies are 
commonly observed [27]. Four peaks from 932 to 968 cm-1 are observed in the actual 
infrared spectrum, and any of these may represent vV=O stretching. However, a visual 
comparison of the two spectra matches the calculated peak at 1199 cm-1 with the 
experimental peak at 1088 cm-1, which implies that this peak at 1088 cm-1 is a vV=O 
stretching frequency. The vibrational modes below 677 cm-1 appeared to be complicated, 
and so no effort to label the assignments for these vibrations was made.
2.5 Electronic Absorption Data
The electronic absorption spectrum of an aqueous solution of Na2[(VO)2(ttha)] • 8 
H2O with a range of wavelengths from 400 to 900 nm is shown in Figure 2.6, and with a 
range of wavelengths from 200 to 400 nm in Figure 2.7. For the sake of comparison, the 
TDDFT calculated spectra are included in Figures 2.6 and 2.7 as well. The experimental 
spectrum in Figure 2.6 features two broad peaks centered at 586 nm (e = 33 L mol-1 cm-1) 
and 770 nm (e = 38 L mol-1 cm-1), and these absorption peaks have been reported 
previously [28]. The TDDFT calculated spectrum features two similar absorptions at 656 
and 798 nm, and these peaks are assigned as HOMO^LUMO+2 and HOMO^LUMO 
transitions, respectively, in the a spin set of molecular orbitals. Two d orbitals, one on 
each vanadium atom, feature prominently in the a HOMO, the a LUMO, and the a 
LUMO+2 orbitals, which are shown in Figure 2.8. Hence, these transitions are 
characterized by small molar absorptivity constants because they are primarily d^-d 
transitions.
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Wavelength (nm)
Figure 2.6. Electronic Absorption Spectrum from 400 to 900 nm of an Aqueous Solution of 
Na2[(VO)2(ttha)] • 8 H2O, and the Time-Dependent Density Functional Theory Calculated 
Absorption Spectrum of [(VO)2(ttha)]2-.
In addition, a small broad peak centered at 458 nm appears in the TDDFT 
spectrum, but this peak is not obvious in the experimental spectrum. TDDFT assigned 
this peak as the a spin HOMO-l^-LUMO+5 transition. The TDDFT calculated 
transitions, their peak assignments, and their oscillator strengths are summarized in Table
2.3. Moreover, the experimental peaks and their molar absorptivity constants are listed in 
Table 2.3 as well, for comparison.
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Wavelength (nm)
Figure 2.7. Electronic Absorption Spectrum from 200 to 400 nm of an Aqueous Solution 
of Na2 [(VO)2(ttha)] • 8 H2O, and the Time-Dependent Density Functional Theory 
Calculated Absorption Spectrum of [(VO)2(ttha)]2-.
The experimental and calculated spectra over the wavelength range of 200 to 400 
nm (Figure 2.7) have similar shapes. The experimental spectrum features a small broad 
peak centered near 255 nm and a taller broad peak that is centered near 200 nm. (As 
shown in Figure 2.7, this taller peak is not fully represented because the lower spectral 
limit is 200 nm). The TDDFT spectrum also features a small broad peak centered near 
330 nm and a taller broad peak centered near 297 nm. Both peaks are composites of 
several transitions, as shown in Table 2.3.
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Table 2.3. Comparison of Observed Electronic Transitions with TDDFT Calculated 
Transitions in Both the a-Spin and the P-Spin Molecular Orbitals.
a-Spin______ B-Spin Osc. Strength_____Calc. X (nm) Obs. X (nm), t (L mol-1 cm-1)
H—L
H-1—L
H—L+2
H-1—L+2
H-1—L+5
H—L+5
H—L+1
H-1—L+1
H-1—L+2
H-1—L+3
H—L+7
H-1—L+7
H—L+4
H-1—L+4
H-1—L+11
H—L+11
H-9— 
H-8— 
H-11 — 
H-8— 
H-7— 
H-7— 
H-2— 
H-3—
L+3
L+2
L
L
L+2
L+2
L
L
H—L
H-1—L
H-3-
H-2—
>L+1
>L+1
H-4—
H-5—
L
L
0.0019 798.1
0.0002 796.4
0.0025 656.4
0.0004 655.7
0.0007 457.8
457.6
371.4
0.0029 371.1
0.0007 352.2
0.0010 352.1
343.1
0.0004 343.1
0.0033 341.0
340.3
0.0007 337.9
337.7
0.0032 330.0
0.0003 330.0
00010 328.5
0.0007 328.5
0.0019 324.9
0.0007 324.9
0.0011 310.7
0.0004 310.6
0.0002 310.5
0.0001 310.4
0.0057 297.8
0.0016 297.8
0.0172 296.5
0.0032 296.5
770
586
38
33
255 3480
ca. 200 >13900
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a HOMO
a LUMO
a LUMO+2
Figure 2.8. Three Molecular Orbitals of [(VO)2(ttha)] ' (the HOMO, the LUMO, and the 
LUMO+2) From the a Spin Set of the TDDFT Calculations.
2.6 Electron Spin Resonance Data
As shown in Figure 2.8, DFT predicts the HOMO to consist partly of two d 
orbitals, one on each vanadium center. The HOMO-1 orbital (not shown) also consists 
partly of two d orbitals, one on each vanadium center. Hence, the two unpaired electrons
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Figure 2.9. Electron Spin Resonance Spectrum of Na2 [(VO)2(ttha)] • 8 H2O in Aqueous 
Solution at Room Temperature.
in [(VO)2(ttha)]2- exist simultaneously at both vanadium centers. In order to test this 
prediction, the first derivative electron spin resonance spectrum (shown in Figure 2.9) of 
an aqueous solution of Na2[(VO)2(ttha)] • 8 H2O at room temperature was obtained. 
Fifteen peaks are observed, which is consistent with the notion that the two odd electrons 
are in vanadium-based molecular orbitals since 51V is 100% abundant and the nuclear 
spin is 7/2. For the spectrum shown in Figure 2.9, g = 1.96, and the hyperfine splitting 
constant (a) is 56 gauss. The electron spin resonance spectrum of Na2[(VO)2(ttha)] • 8 
H2O resembles those of some dinuclear vanadyl(IV) tartrate [29] and dinuclear 
vanadyl(IV) citrate complexes [30].
2.7 pH and Thermal Stability of Na2[(VO)2(ttha)] • 8 H2O
Na2[(VO)2(ttha)] • 8 H2O is very stable chemically in aqueous solution at neutral 
pH. In order to characterize the stability of this complex in solution as the pH is varied, 
five ultraviolet-visible absorption spectra of aqueous solutions of Na2[(VO)2(ttha)] • 8 
H2O at the pH values of 0.80, 1.05, 6.91, 10.96, and 11.95 were recorded, and these 
spectra are superimposed on the same plot in Figure 2.10. The characteristic two
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W avelength (nm)
Figure 2.10. Visible Absorption Spectra of Aqueous Solutions of Na2[(VO)2(ttha)] • 8 
H2O at Different pH Levels.
absorption peaks at 586 and 770 nm are clearly observed in the solutions with pH values 
between 1.05 and 10.96, indicating that the complex is stable in solution in this pH range. 
At a pH of 11.95, no [(VO)2(ttha)]2- is observed in the electronic absorption spectrum,
which is consistent with an earlier report concerning the stability of this ion in solution 
with a pH > 10 [28]. Likewise, at the acidic pH of 0.80, no [(VO)2(ttha)]2" is observed.
In the very acidic solution with a pH of 0.80, the primary absorption peaks observed at 
630 and 770 nm represent the hydrated vanadyl cation, [(H2O)5VO]2+ [31].
Additionally the thermal stability of both the solid state and aqueous solution was 
investigated. The solution and powder were both heated to 100 °C for approximately one 
day. The after heating Na2[(VO)2(ttha)] • 8 H2O powder for the allotted time the powder 
was dissolved in water stored at room temperature before analysis. Both solid state and 
aqueous solutions appear to remain intact as indicated in Figure 2.11.
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Figure 2.11. Visible Absorption Spectra of Aqueous Solutions of Na2[(VO)2(ttha)] • 8 
Thermal Stability Studies.
There is however a small peak centered at 955 nm that begins to form in the aqueous 
solution after one hour of heating, and may provide evidence of a slight decomposition.
2.8 Experimental Details
All reactions were carried out open to air, using deionized water as the solvent. 
Infrared spectra were recorded as KBr pellets on a Nicolet Magna-IR 560 spectrometer, 
and the data are reported in cm-1. Electron spin resonance spectra of aqueous solutions 
of Na2[(VO)2(ttha)] • 8 H2O at room temperature were recorded using a Bruker EMX 
spectrometer. UV-vis absorption data were obtained using a Hewlett-Packard Model 
8453 spectrometer in aqueous solution. Elemental analyses were carried out by Atlantic 
Microlab, Inc. (Norcross, GA). Triethylenetetraamine-N, N, N ’, N ”, N ’”, N ’”-hexaacetic 
acid was purchased from Aldrich and used as received. Vanadyl(IV) acetate was 
prepared according to a published procedure [32].
2.8.1 Synthesis of [VO(H2O)5] [(VO)2(ttha)] • 4 H2O
A mixture of H6ttha (0.352 g, 0.712 mmol) and OV(OOCCH3)2 (0.396 g, 2.14 
mmol) in deionized water (25 mL) was stirred at 55°C for two hours. The blue 
homogeneous solution was cooled to room temperature and set aside for one week. Blue 
crystals precipitated and were isolated and air-dried, yield = 0.386 g (63.7%). This 
compound was characterized by single crystal X-ray diffraction; the structural data were 
identical to the data already published for this compound [1] and are not reported.
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2.8.2 Synthesis of Na2 [(VO)2(ttha)] • 8 H2 O
An aqueous solution (10 mL) of H6ttha (0.061 g, 0.12 mmol) was titrated with a
0.118 M NaOH solution (6.3 mL, 0.74 mmol) to deprotonate the acidic protons on the 
H6ttha molecule. The mixture was stirred for 30 minutes at room temperature after 
completing the titration. Solid [VO(H2O)5][(VO)2(ttha)] • 4 H2O (0.211 g, 0.248 mmol) 
was added, and the mixture was stirred at 60°C for one hour. The blue homogeneous 
solution was cooled to room temperature and set aside for one week. Blue crystals 
precipitated and were isolated and air-dried, yield = 0.197 g (67.4%). Although X-ray 
diffraction revealed this product to be an octahydrate, the elemental analysis results were 
more consistent with a pentahydrate. For the octahydrate, anal. calc. for 
C18H40N4Na2O22V2: C, 26.61%; H, 4.96%; N, 6.90%. For the pentahydrate, anal. calc. 
for C18H34N4Na2O19V2 : C, 28.51%; H, 4.52%; N, 7.39%. Found: C, 28.57%; H, 4.41%; 
N, 7.33%. IR data: 3437 (s, broad), 2979 (w), 2945 (w), 1641 (vs), 1471 (w), 1464 (w), 
1429 (w), 1382 (s), 1361 (s), 1324 (m), 1315 (m), 1289 (w), 1274 (w), 1125 (w), 1088 
(m), 1058 (w), 1014 (w), 968 (s), 953 (m), 942 (m), 932 (m), 873 (m), 820 (w), 784 (w), 
746 (w), 725 (w), 650 (w), 595 (w), 549 (w), 481 (m), 440 (m), 424 (m).
2.8.3 Hydration Determination
A sample of Na2[(VO)2(ttha)] • 8 H2O (53.5 mg) was stored at 60°C under a 
pressure of 2.5 Torr for 14.5 hours. No change in the appearance of the sample was 
observed, and the mass of the sample was found to be 43.4 mg (6.49 x 10-5 mol) after the
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14.5 hour period. The mass of water evolved from the sample is 10.1 mg (5.61 x 10-4 
mol), which corresponds to 8.64 water molecules per [(VO)2(ttha)]2- anion.
2.8.4 X-Ray Diffraction Studies
Royal blue crystals of Na2[(VO)2(ttha)] • 8 H2O were obtained from aqueous 
solution at room temperature. X-ray diffraction data were collected on a Bruker P4 
diffractometer equipped with a SMART CCD detector. Crystal data and data collection 
and refinement parameters are summarized in Table 2. The structure, solved by using 
direct methods and standard difference map techniques, was refined by full-matrix least- 
squares of F2 with SHELXTL (Version 6.10) [33]. Hydrogen atoms were included in 
calculated positions.
2.8.5 Density Functional Theory (DFT) Calculations
The structure of [(VO)2(ttha)] - was optimized for the triplet state using the DFT 
method in the GAUSSIAN 03 program [34], with the LANL2MB basis set [35] and 
B3LYP functional [36, 37] in the gas phase. The ultraviolet-visible absorption spectrum 
was calculated with the time-dependent density functional theory method [3 8] of the 
spin-allowed state of the triplet-triplet transition. Vibrational calculations were 
completed without solvent interactions, and no negative frequencies were found in the 
calculated infrared spectrum. Calculated spectra were post-processed using SWizard 
software [39].
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2.9 Conclusion
The goal of this research was to propose a transferrin model which incorporated 
the dual vanadium binding sites, octahedral geometry, and the ability for transferrin to 
bind to vanadium in the oxidation state of VIV. The proposed complex, [(VO)2(ttha)]Na2 
• 8H2O, satisfies these constraints. The EPR and X-ray crystal data confirm that the ttha 
ligand coordinated to two vanadium atoms with the oxidation state of VIV. X-ray crystal 
data confirmed that the vanadium centers have octahedral geometry. Additionally, 
[(VO)2(ttha)]Na2 • 8H2O, like transferrin, coordinates to the vanadium centers by oxo- 
vanadium and nitrogen-vanadium bonds.
Though this model meets the conditions desired for a realistic vanadium- 
transferrin model, the model is still not perfect. Transferrin is expected to bind to 
vanadium through one histidine, one aspartate, and two tyrosine residues, and an 
auxillary carbonate anion. The model does not incorporate the coordination of the 
vanadium center using amino acids or the use of an auxiliary ligand.
2.10 Supplementary Data
CCDC 724901 contains the supplementary crystallographic data for Na2[(VO)2(ttha)] • 8 
H2O. These data can be obtained free of charge via 
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 
1223-336-033; or email: deposit@ccdc.cam.ac.uk.
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Chapter 3 Coordination of 4-Subsituted-2,6-Pyridinedimethanol Ligands to 
Vanadate1
3.1 Introduction
A variety of three-coordinate O,N,O’ ancillary ligands have recently been 
complexed to vanadate centers, and a number of these complexes have been structurally 
characterized by single crystal X-ray diffraction [1 -  13]. Some of these compounds, 
such as [VO2(dipic)]- and [VO2(dipic-OH)]-, have been shown to be effective drugs for 
treating hyperglycemia in diabetic rats [14 -  17]. 2,6-Pyridinedimethanolate is 
structurally similar to, but chemically distinct from, 2,6-pyridinedicarboxylate, and the 
first vanadate complex stabilized by the pyridinedimethanolate ligand, namely 
Na[VO2(pydim)] • 4 H2O, was reported by the Howard Group in 2006 [18]. 2,6- 
pyridinedimethanolate binds to the vanadium center using a alcohol functional group 
whereas 2,6-pyridinedicarboxylate binds to the vanadium center with a carboxylic acid 
functional group. Little is known concerning how effective these O,N,O’ ancillary 
ligands like dipic and pydim are for stabilizing dioxovanadium compounds however. For 
instance, are electron-donating ancillary ligands better than electron-withdrawing ligands 
for stabilizing dioxovanadium compounds? Is [VO2(pydim)]- more stable than 
[VO2(dipic)]-? The aim of this present work is to address these questions.
1 Z.N. Pickett, W.A. Howard, C.R. Graves, J Chem Crystallogr. 38 (2008) 717.
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3.2 Results
The two novel compounds, Na[VO2(pydim-Cl)] • 2 H2O and Na[VO2(pydim- 
NMe2)] • 3 H2O were prepared as shown in Figure 3.1, similar to the preparation of 
Na[VO2(pydim)] • 4 H2O [18].
Figure 3.1. Syntheses of Na[VO2(pydim-Cl)] • 2 H2O and Na[VO2(pydim-NMe2)] • 3 
H2O.
Although neither Na[VO2(pydim-Cl)] • 2 H2O nor Na[VO2(pydim-NMe2)] • 3 
H2O were structurally characterized by single crystal X-ray diffraction, due to the 
inability to grow suitable crystals, these compounds were characterized by NMR 
spectroscopy, infrared spectroscopy, and elemental analysis. Thus, Na[VO2(pydim-Cl)] • 
2 H2O is characterized by two resonances in the 1H NMR spectrum (D2O); a methylene 
peak at 5 5.42 ppm (s, 4 H), and a peak in the aromatic region at 5 7.45 ppm (s, 2 H).
The 51V NMR spectrum consists of one singlet at -516 ppm. For the sake of comparison, 
the 51V NMR spectra (D2O) of Na[VO2(dipic)] and Na[VO2(pydim)] • 4 H2O feature 
singlets at -533 and -508 ppm, respectively [15, 18]. Moreover, stretching frequencies
NaVO 3 +
©
Na + H 2O
X = Cl, N(CH3)2
for terminal V=O moieties typically range between ca. 875 and 1035 cm-1 [19], and the 
infrared spectrum of Na[VO2(pydim-Cl)] • 2 H2O features a strong peak at 916 cm-1; no 
effort to prove the terminal vV=o stretching frequency was made however. 
Na[VO2(pydim-NMe2)] • 3 H2O is characterized by 1H NMR resonances (D2O) at 5 2.95 
ppm (dimethylamino hydrogens), 5.28 ppm (methylene hydrogens), and 6.40 ppm 
(aromatic ring hydrogens), and by a singlet at 5 -506 ppm in the 51V NMR spectrum. 
Furthermore, a very strong absorbance at 914 cm-1 appears in the infrared spectrum, 
consistent with a terminal vV=O stretch.
In order to assess the stability of the various vanadium complexes [VO2(pydim- 
X)]- (X = H, Cl, NMe2) and [VO2(dipic)]-, with a competing ligand, each of these 
complexes were treated with H2pydim-X or H2dipic and the mixtures were monitored by 
1H NMR spectroscopy. The results are summarized in Figure 3.2. Thus, 2,6- 
pyridinedimethanol easily displaces 4-chloro-2,6-pyridinedimethanol from [VO2(pydim- 
Cl)]- in aqueous solution at room temperature, affording [VO2(pydim)]- and H2pydim-Cl. 
4-dimethylamino-2,6-pyridinedimethanol reacts with [VO2(pydim)]-, yielding 
[VO2 (pydim-NMe2)]- and free 2,6-pyridinedimethanol. Finally, 2,6-dipicolinic acid 
replaces the 4-dimethylamino-2,6-pyridinedimethanolate ligand in [VO2 (pydim-NMe2)]-, 
producing [VO2(dipic)]- and H2pydim-NMe2. All of the reactions shown in Figure 3.2 
are reversible, but the arrows are drawn in the thermodynamically favored direction, as 
judged by 1H NMR spectroscopy.
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Figure 3.2. Summary of Ligand Displacement Reactions Involving [VO2(pydim-X)]- (X 
= H, Cl, NMe2) and [VO2(dipic)]-.
Thus, in the series of [VO2(pydim-X)]- ions, the relative stabilities are: 
[VO2(pydim-NMe2)]‘ > [VO2(pydim)]- > [VO2(pydim-Cl)]‘, with [VO2(pydim-NMe2)]‘ as 
the most stable and [VO2(pydim-Cl)]‘ as the least stable. These three complex ions and 
[VO2(dipic)]- were modeled by DFT calculations, which revealed the charges at the 
vanadium centers. The DFT calculated charges are as follows: [VO2(pydim-NMe2)]-, 
-0.340; [VO2(pydim)]-, -0.303; and [VO2(pydim-Cl)]‘, -0.291. Hence, there exists more 
electron density on vanadium in [VO2(pydim-NMe2)]- than in either [VO2(pydim)]- or 
[VO2(pydim-Cl)]‘, and so the pydim-NMe2 ligand is a stronger electron donor than either
the pydim or the pydim-Cl ligand. Likewise, the pydim ligand is a stronger electron 
donor than is the pydim-Cl ligand. In the series of pydim-X complexes, the better the 
pydim-X ligand is as an electron donor, the more stable the vanadium complex is. The 
DFT calculated atomic coordinates and total energy for the [VO2 (pydim-X)]- ions can be 
found in Tables A5 thru A7 of the Appendix. DFT calculated atomic coordinates and 
total energy for the [VO2(dipic)]- ion can be found in Table A8 of the Appendix
[VO2(dipic)]- was also modeled by DFT calculations, and the calculated charge on 
the vanadium center was -0.167. Thus, the dipicolinate ligand is, according to the DFT 
calculation, the weakest electron donor in this study. Yet when dipic was introduced as a 
competing ligand [VO2 (dipic)]- was the predominant vanadium species observed by 
NMR. Though the dipic ligand, according to DFT calculations, is a weaker electron 
donor, other factors contribute to its ability to compete for the available vanadium. The 
carboxylic acid functional groups on dipic makes dipic a stronger acid than the alcohol 
functional groups on pydim. The ligands ability to deprotonate the oxygen atoms in the 
binding site must be an influential factor in the ligands ability to take up vanadium.
3.3 Protonated Pyridinedimethanol Ligands
When the pH of an aqueous solution of either Na[VO2(pydim-Cl)] • 2 H2O or 
Na[VO2(pydim-NMe2)] • 3 H2O is lowered by the addition of HCl (aq), the complex 
decomposes, and the protonated ancillary ligand, either (H3pydim-Cl)+Cl- or (H3pydim- 
NMe2)+Cl-, is formed. Alternatively, these protonated ligands can be made simply by the 
addition of HCl (aq) to aqueous solutions of H2pydim-Cl or H2pydim-NMe2. The
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compounds (H3pydim-Cl)+Cl- and [(H3pydim-NMe2)+Cl-]2(H2O) were crystallized from 
aqueous solutions and structurally characterized by single crystal X-ray diffraction [20].
The crystal, intensity collection, and refinement data for the X-ray structures of 
H3(pydim-Cl)Cl and [H3(pydim-NMe2)Cl]2(H2O) are summarized in Table A2 in the 
Appendix, while selected metrical data for both structures are reported in Table 3.1. 
Thermal ellipsoid plots for both structures are shown in Figures 2.3 and 2.4.
For the sake of comparison, it should be noted that the X-ray structures of two 
related compounds, namely 4-dimethylaminopyridinium chloride dihydrate and 
anhydrous 4-dimethylaminopyridinium chloride, were published in 1977 [21] and in 
1992 [22], respectively. Moreover, the X-ray structure of a cyclophane derivative with a 
4-dimethylamino-2,6-pyridinedimethanolato moiety [23] and the X-ray structure of 4- 
chloropyridinium chloride [24] have also been reported recently.
In the case of 4-dimethylaminopyridinium chloride dihydrate, it was found that 
there were two sets of two independent 4-dimethylaminopyridinium cations (Z = 4) with 
different bond lengths and bond angles in the unit cell. In contrast, there was only one 
type of cation in the unit cell of anhydrous 4-dimethylaminopyridinium chloride. In the 
present case involving 4-dimethylamino-2,6-&/s(hydroxymethyl)pyridinium chloride, the 
eight cations in the unit cell are structurally indistinguishable. The pyridine rings in both
39
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Figure 3.3. Thermal Ellipsoid Plot of 4-chloro-2,6-&/s(hydroxymethyl)pyridinium 
chloride.
^ 013)
Figure 3.4. Thermal ellipsoid plot of 4-dimethylamino-2,6- 
&/s(hydroxymethyl)pyridinium chloride hemihydrate.
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H3(pydim-Cl)Cl and [H3(pydim-NMe2)Cl]2(H2O) are essentially planar. (See the C(1) -  
C(2) -  C(3) -  X (X = Cl or N(CH3)2) torsion angles given in Table 3.1.) Likewise, the 
pyridine rings in the two previous X-ray studies of 4-dimethylaminopyridinium chloride 
were also found to be planar, and the pyridine ring in 4-chloropyridinium chloride is also 
planar.
Table 3.1. Selected X-ray Bond Lengths (A), Bond Angles (°), and Torsion Angles 
(°) for H3(pydim-Cl)Cl and [H3(pydim-N(CH3)2)+Cf]2(H2O).
_________________________H3(pydim-Cl)Cl [H3(pydim-N(CH3)2)+Cl-]2(H2O)
N(1) -  H 0.858(2) 0.859(3)
N(1) -  C(1) 1.359(2) 1.355(3)
C(1) -  C(6) 1.505(2) 1.514(3)
C(6) -  O(1) 1.412(2) 1.423(3)
C(1) -  C(2) 1.374(2) 1.361(3)
C(2) -  C(3) 1.393(2) 1.425(3)
C(3) -  X 1 .7 2 5 ( 1 ) (X = Cl) 1.340(3) (X = N(CH3)2)
N(2) -  C(8) 1.461(3)
N(1) -  C(1) -  C(6) 117.4(1) 115.8(2)
C(1) -  C(6) -  O(1) 110.9(1) 111.4(2)
C(6) -  C(1) -  C(2) 123.5(1) 123.5(2)
C(2) -  C(3) -  X 119.3(1) 121.5(2)
C(2) -  C(3) -  C(4) 121.7(1) 117.2(2)
C(3) -  N(2) -  C(8) 121.3(2)
C(8) -  N(2) -  C(9) 116.7(2)
C(3) -  N(2) -  C(9) 121.9(2)
N(1) -  C(1) -  C(6) -  O(1) 177.5(1) 26.3(2)
N(1) -  C(5) -  C(7) -  O(2) 13.2(1) 161.3(2)
C(1) -  C(2) -  C(3) -  X 178.7(1) (X = Cl) 178.7(2) (X = N(CH3)2)
C(2) -  C(3) -  N(2) -  C(8) 0.75(2)
C(4) -  C(3) -  N(2) -  C(9) 5.1(1)
With the exception of the [N(1) -  H] bond distances, all the bond lengths and 
bond angles in [H3(pydim-NMe2)Cl]2(H2O) are very similar to those in the structures of 
4-dimethylaminopyridinium chloride dihydrate, anhydrous 4-dimethylaminopyridinium
chloride, and the cyclophane derivative with the 4-dimethylamino-2,6- 
pyridinedimethanolato moiety. The [N(1) -  H] bond distances in H3(pydim-Cl)Cl and 
[H3(pydim-NMe2)Cl]2(H2O) are 0.858(2) and 0.859(3) A, respectively. These distances 
are somewhat shorter than those reported for 4-dimethylaminopyridinium chloride 
dihydrate (1.02(3) and 1.09(4) A), but comparable with the [N -  H] bond distance in 4- 
chloropyridinium chloride (0.873 A).
As was observed in the two previous X-ray studies of 4-dimethylaminopyridinium 
chloride and in the structure of the 4-dimethylamino-2,6-pyridinedimethanolato moiety of 
the cyclophane derivative, the dimethylamino group in H3(pydim-NMe2)+ is trigonal 
planar, and the N(2) -  C(3) bond length (1.340(3) A) is shorter than the sum of the single 
bond covalent radii for carbon and nitrogen (1.47 A) [25] and shorter than the N(2) -  
C(methyl) bond lengths, 1.461(3) A and 1.462(3) A. These observations imply a n 
interaction between the dimethylamino group and the pyridine ring. In contrast, it is 
worthwhile to note that the C(3) -  Cl(1) bond distance (1.7245(14) A) in H3(pydim-Cl)+ 
is very close to the sum of the single bond covalent radii for carbon and chlorine (1.76 
A), implying that there is little or no n interaction between the chlorine atom and the 
pyridine ring in H3pydim-Cl+. The C -  Cl bond distance in H3(pydim-Cl)+ is similar to 
that in 4-chloropyridinium chloride (1.730 A).
Hydrogen bonds, observed in the structures of both H3(pydim-Cl)Cl and 
[H3(pydim-NMe2)Cl]2(H2O), are summarized in Table 3.2. The pyridinium nitrogen 
atom in H3(pydim-Cl)Cl is hydrogen-bonded to the chloride ion, and the pyridinium
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nitrogen atom in [H3(pydim-NMe2)Cl]2(H2O) is hydrogen-bonded to the water molecule. 
Moreover, hydrogen bonds between oxygen atoms and chloride ions are found in both 
structures. For reference, the sums of the van der Waals radii for [N • • • Cl], [N • • • O], 
and [O • • • Cl] are 3.29 A, 2.96 A, and 3.25 A respectively [25]. The dimethylamino 
nitrogen atom in [H3(pydim-NMe2)Cl]2(H2O) does not engage in hydrogen bonding at all. 
Short van der Waals contacts are also observed in both structures. For instance, the O(1)
• • • Cl(1) distance in the unit cell of H3(pydim-Cl)Cl is 3.268 A, and the distance
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Table 3.2. Distances (A) between Atoms Linked by Hydrogen Bonds in H3(pydim- 
Cl)Cl and H3(pydim-N(CH3)2)+Cl'.
Structure____________
H3(pydim-Cl)Cl
H3(pydim-N(CH3)2)+Cl
between two neighboring Cl(1) atoms bonded to separate pyridine rings is 3.428 A. (The 
sum of the van der Waals radii for [Cl • • • Cl] is 3.58 A.) For comparison, the [Cl • • • 
Cl] distance (3.3352(14) A) in the unit cell of 4-chloropyridinium chloride was also 
found to be within the sum of the van der Waals radii.
Atoms D • • • A Distance Bond Angle
O(2) -  H • • • Cl(2) 3.045 A 172.71°
N(1) -  H • • • Cl(2) 3.219 A 159.09°
O(1) -  H • • • Cl(2) 3.158 A 169.21°
O(3) -  H • • • Cl(1) 3.194 A 176.98°
N(1) -  H • • • O(3) 2.867 A 125.52°
O(1) -  H • • • Cl(1) 3.112 A 165.11°
O(2) -  H • • • Cl(1) 3.090 A 163.65°
3.4 Experimental Details
All reactions were carried out open to air, using deionized water as the solvent. 
Infrared spectra were recorded as KBr pellets on a Nicolet Magna-IR 560 spectrometer,
and the data are reported in cm-1. 1H, 13C, and 51V NMR spectra were obtained at room 
temperature on a Varian Mercury 300 MHz FTNMR spectrometer at the frequencies 
300.068 MHz, 75.452 MHz, and 78.85 MHz, respectively. 1H and 13C chemical shifts 
are reported in parts per million and were referenced externally with respect to a D2O 
solution of NaOOCCH2CH2Si(CH3)3; the protons in the methyl groups are set at 5 = 0 in 
the 1H NMR spectrum and the carbon atoms in the methyl groups are set at 5 = 0 in the 
13C NMR spectrum. 51V chemical shifts are reported in parts per million and were 
referenced externally with respect to neat VOCl3 (5 = 0 ppm). UV-vis absorption data 
were obtained using a Hewlett-Packard Model 8453 spectrometer. Elemental analyses 
were carried out by Atlantic Microlab, Inc. (Norcross, GA). Melting points were 
measured using a Mel-Temp 3.0 melting point apparatus. 4-chloro-2,6- 
pyridinedimethanol and 4-dimethylamino-2,6-pyridinedimethanol [26 -  28, 23], and 
Na[VO2(pydim)] • 4 H2O [18] were prepared according to published procedures. 
Na[VO2(dipic)] was prepared by a method similar to that for preparing NH4[VO2(dipic)] 
[29]. NaVO3, 2,6-dipicolinic acid, and 2,6-pyridinedimethanol were purchased from 
commercial suppliers and were used as received, without further purification.
3.4.1 Synthesis of Na[VO2(dipic)]
A mixture of NaVO3 (0.729 g, 5.98 mmol) and 2,6-dipicolinic acid (0.999 g, 5.98 
mmol) in deionized water (20 mL) was stirred at 80°C for 10 minutes. The pale yellow 
homogeneous mixture was cooled to room temperature and set aside, open to air, for 
several days. The product precipitated from solution as a white microcrystalline solid.
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Yield = 1.560 g (96 %). Anal. Calc. for C7H3NNaO6V: C, 31.02%; H, 1.12%; N, 5.17%. 
Found: C, 31.01%; H, 1.14%; N, 5.15%. IR data: 3447 (m), 3095 (s), 3058 (m), 1670 
(vs), 1600 (s), 1475 (m), 1432 (s), 1370 (vs), 1355 (vs), 1297 (w), 1271 (m), 1221 (w), 
1188 (s), 1151 (s), 1074 (vs), 1034 (s), 963 (vs), 929 (s), 861 (m), 830 (m), 805 (w), 781 
(s), 747 (s), 685 (s), 676 (s), 594 (m), 564 (w), 457 (s), 438 (m). 1H NMR (DyO): 8.32 
(d, 3Jh-h = 7.8 Hz, 2 H), 8.65 (t, 3Jh-h = 7.8 Hz, 1 H). 13C NMR (D2O): 129.9 (? C),
149.9 (? C), 150.8 (? C), 199.1 (2 C). 51V NMR (D2 O): -532.
3.4.2 Synthesis of Na[VO2 (pydim-Cl)] • 2 H2O
A mixture of NaVO3 (0.070 g, 0.57 mmol) and 4-chloro-2,6-pyridinedimethanol 
(0.099 g, 0.57 mmol) in deionized water (5 mL) was stirred at 85°C for 3 hours. The 
volatile components were removed under reduced pressure, leaving a white solid. Yield 
= 0.156 g. 1H NMR spectroscopy revealed the product to be a mixture, two components 
of which were NaVO2(pydim-Cl) • 2 H2O and 4-chloro-2,6-pyridinedimethanol. Anal. 
Calc. for CyH10ClNNaO4V: C, 26.82%; H, 3.21%; N, 4.47%. Found: C, 26.79%; H, 
3.06%; N, 4.41%. IR data: 3095 (m), 2912 (w), 1590 (s), 1569 (m), 1439 (w), 1410 (m), 
1384 (m), 1366 (w), 1305 (w), 1275 (w), 1109 (m), 1084 (s), 1063 (m), 1029 (m), 1009 
(w), 998 (m), 916 (m, br), 871 (s), 862 (m), 569 (s, br), 466 (w). 1H NMR (D2O): 5.46 
(s, 4 H), 7.52 (s, 2 H). 13C{1H} NMR (D2O): 74.9 (2 C), 118.5 (2 C), 149.2 (2 C), 166.7 
(1 C). 51V NMR (D2O): -516.
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3.4.3 Synthesis of Na[VO2(pydim-NMe2)] • 3 H2O
A mixture of NaVO3 (0.119 g, 0.978 mmol) and 4-dimethylamino-2,6- 
pyridinedimethanol (0.179 g, 0.981 mmol) in deionized water (20 mL) was stirred at 
80°C for 3 hours. The mixture was cooled to room temperature and filtered. The filtrate 
was set aside for 9 days at room temperature and open to air, and the product precipitated 
as a white microcrystalline solid. The product was isolated and air-dried. Yield = 0.035 
g (12%). Anal. Calc. for C9H^N 2NaOyV: C, 31.78%; H, 5.33%; N, 8.23%. Found: C, 
31.46%; H, 5.15%; N, 7.78%. IR data: 3409 (vs), 2921 (m), 2878 (m), 2851 (m), 2822 
(m), 1630 (vs), 1541 (m), 1440 (m), 1393 (m), 1341 (w), 1227 (w), 1159 (w), 1085 (m), 
1050 (s), 914 (vs), 864 (w), 832 (w), 816 (w), 698 (w), 599 (w), 579 (w), 544 (m), 506 
(m). 1H NMR (D2O): 2.95 (s, 6 H), 5.28 (s, 4 H), 6.40 (s, 2 H). 13C{1H} NMR (D2O): 
41.8 (2 C), 77.3 (2 C), 100.9 (2 C), 160.2 (2 C), 167.5 (1 C). 51V NMR (D2O): -506.
3.4.4 Synthesis of 4-chloro-2,6-bis(hydroxymethyl)pyridinium chloride
A white suspension of 4-chloro-2,6-pyridinedimethanol (0.258 g, 1.5 mmol) in 
deionized water (5 mL) was titrated with a 0.110 M HCl solution (27.1 mL, 3.0 mmol). 
The mixture was stirred 30 minutes at room temperature and filtered. The volatile 
components of the filtrate were removed in vacuo, leaving analytically pure white 
microcrystals. Yield = 0.274 g (88%). The product was recrystallized from deionized 
water, yielding the colorless needles used in the X-ray analysis. Anal. Calc. for 
C7H9O 2NO2 : C, 40.03%; H, 4.32%; N, 6.67%. Found: C, 40.04%; H, 4.29%; N,
6.64%. Melting point = 128.7°C without decomposition. IR data: 3313 (s), 3239 (s),
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3095 (m), 3019 (s), 2921 (s), 2893 (s), 2815 (s), 2684 (m), 2520 (m), 2160 (w), 1943 (w), 
1889 (w), 1621 (vs), 1489 (w), 1448 (m), 1429 (m), 1415 (m), 1384 (w), 1358 (m), 1345 
(m), 1263 (m), 1217 (m), 1178 (w), 1118 (s), 1083 (s), 1011 (w), 984 (m), 949 (w), 893 
(m), 863 (m), 805 (w), 666 (m), 615 (w), 591 (w), 539 (w), 485 (w), 472 (w), 435 (w),
418 (w). 1H NMR (D2O): 4.98 (s, 4 H); 7.97 (s, 2 H). 13C{1H} NMR (D2O): 62.3; 
126.1; 157.8; 159.5.
3.4.5 Synthesis of 4-dimethylamino-2,6-bis(hydroxymethyl)pyridinium chloride 
hemihydrate
A white suspension of 4-dimethylamino-2,6-pyridinedimethanol (0.147 g, 0.81 
mmol) in deionized water (5 mL) was titrated with a 0.110 M HCl solution (14.8 mL,
1.62 mmol). The mixture was stirred 30 minutes at room temperature and filtered. The 
volatile components of the filtrate were removed in vacuo, leaving white microcrystals. 
Yield = 0.156 g (89%). The product was recrystallized from deionized water, yielding 
the colorless needles used in the X-ray analysis. Anal. Calc. for C18H32Cl2N4O5: C, 
47.48%; H, 7.08%; N, 12.30%. Found: C, 47.39%; H, 7.04%; N, 12.23%. Melting point 
= 191.8°C without decomposition. IR data: 3262 (vs), 2938 (m), 2836 (m), 2621 (w), 
1647 (vs), 1558 (s), 1446 (m), 1434 (m), 1415 (m), 1400 (m), 1356 (m), 1337 (w), 1261 
(w), 1229 (m), 1166 (m), 1091 (s), 1079 (s), 1064 (m), 1022 (s), 990 (w), 971 (w), 953 
(w), 885 (w), 863 (m), 842 (s), 802 (w), 767 (w), 714 (w), 698 (w), 616 (m), 569 (m), 522 
(w), 461 (w), 436 (w). 1HNM R (D2O): 3.22 (s, 6 H); 4.74 (s, 4 H); 6.78 (s, 2 H).
13C{1H} NMR (D2O): 42.3; 62.5; 105.7; 154.1; 160.1.
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3.4.6 X-Ray Diffraction Studies
Colorless needles of 4-chloro-2,6-&/s(hydroxymethyl)pyridinium chloride and 4- 
dimethylamino-2,6-^/^(hydroxymethyl)pyridinium chloride hemihydrate were obtained 
from aqueous solutions at room temperature. The needle-shaped crystals were cut into 
blocks, and the blocks (0.20 x 0.15 x 0.10 mm3 for the chloro derivative, and 0.20 x 0.20 
x 0.20 mm3 for the dimethylamino derivative) were mounted on a Cryoloop with 
Paratone oil. X-ray diffraction data were collected at 100 K for the chloro derivative and 
at 208 K for the dimethylamino derivative on a Bruker CCD platform diffractometer (Mo 
Ka (X = 0.71073 A)). The SMART [30] program package was used to determine the unit 
cell parameters and for data collection. The data were processed using SAINT [31] and 
SADABS [32] to yield the reflection data files. Crystal data and data collection and 
refinement parameters are summarized in Table A2. The structures, solved by using 
direct methods and standard difference map techniques, were refined by full-matrix least- 
squares of F2 with SHELXTL (Version 6.12) [33]. All hydrogen atoms were included in 
calculated positions.
3.4.7 Density Functional Theory (DFT) Calculations
The structures of [VO2(pydim-X)]- (X = H, Cl, NMe2) and [VO2(dipic)]- were 
optimized for the singlet state using the DFT method in the GAUSSIAN 03 program 
[34], with the LANL2MB basis set [35] and B3LYP functional [36, 37] in the gas phase. 
Vibrational calculations were completed without solvent interactions, and no negative 
frequencies were found.
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3.5 Conclusion
The research conducted in this chapter indicates that ligands which are better 
electron donors bind more readily to vanadium. In competition experiments 1H NMR 
spectroscopy reveals that Me2N-pydim ligand binds to vanadium(V) more readily than 
does the pydim ligand, which binds to vanadium(V) more readily than does the Cl-pydim 
ligand. DFT calculations indicate that Me2N-pydim is a greater electron donor than 
pydim which is a better electron donor than Cl-pydim. This observation could be 
influential in designing stable vanadium based insulin mimetic drugs.
3.6 Supplementary Material
Crystallographic data for the reported structures in this article have been deposited with 
Cambridge Crystallographic Data Centre as CCDC 663220 (4-chloro-2,6- 
^i^(hydroxymethyl)pyridinium chloride) and CCDC 663221 (4-dimethylamino-2,6- 
^i^(hydroxymethyl)pyridinium chloride hemihydrate). These data can be obtained free of 
charge at www. ccdc. camb. ac.uk/const/retrieving. html or from the Cambridge 
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; email: 
deposit@ccdc.camb.ac.uk; fax: +44(0)1223-336408.
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Chapter 4 Future Work
Since 1899 it has been known that vanadium salts can be used to treat diabetic 
patients. Though many compounds have been made, vanadium toxicity has prevented the 
widespread use of these potential drugs. With increased knowledge on how vanadium 
builds up in the bone and organ tissues of the body, it is clear that a molecule that is 
stable under physiological conditions is a key to preventing this toxicity.
Future research should be aimed at evaluating the proposed vanadium mimetic 
compounds stability in the presence of the ttha-transferrin model presented in Chapter 1. 
By evaluating the stability of proposed compounds in the presence of the ttha-transferrin 
model, vanadium toxicity associated with mimetic compound may further elucidated. 
Compounds which remain intact in the presence of ttha are theorized to result in less 
vanadium toxicity at physiological conditions. This may also reveal whether vanadium 
dissociation from a ligand is crucial for an effective vanadium insulim mimetic 
compound. If the dissociation is crucial vanadium build up in the body might not be 
preventable.
Based on the research in Chapter 2 the Howard research group is further 
evaluating the ligands presented in this Thesis. These studies are aimed at evaluating 
ligand stabilities ensuring a constant pH. Ideally the long term goal of this research is to 
develop stable vanadium mimetic compounds which could one day have medicinal uses. 
Once stable vanadium compounds are developed next step will be to submit these 
compounds for in vivo studies.
55
Appendix
Table A1. Crystal Data and Structure Refinement for Na2[(VO)2(ttha)] •
Molecular formula 
Formula weight 
Temperature 
Wavelength 
Crystal system  
Space group 
Unit cell dimensions
Volume
Z
Density (calculated) 
Absorption coefficient 
F(000)
Crystal size
Theta range for data collection  
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 30.79° 
Absorption correction 
M ax. and min. transmission 
Refinement method 
Number o f parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
C18 H40 N 4 Na2 O22 V 2
812.39 g m ol-1
125(2) K
0.71073 A
Triclinic
P-1
a = 6.696(3) A  a  =
b = 10.052(4) A  p =
c = 13.205(5) A  y =
785.4(5) A 3 
1
1.718 M g/m 3 
0.720 mm -1 
420
0.10 x 0.10 x 0.05 mm3 
1.65 to 30.79°
-9 < h < 9, -13 < k < 14, 0 < l < 18 
23433
[R(int) = 0.1863]
99.0%
Empirical/TWINAB S 
0.9649 and 0.9315  
Full-matrix least-squares on F 2 
240 
1 . 1 0 2
R1 = 0.0848, wR2 = 0.1544  
R1 = 0.2617, wR2 = 0.2522  
1.061 and -1.292 e.A -3___________
8 H2O.
69.988(5)°
79.368(6)°
70.648(5)°
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Table A2. DFT Calculated Coordinates and Total Energy for [(VO)2ttha]2' Using 
LANL2MB Basis Set and B3LYP Functional
wgt x y Z
23 -3.767464 -0.186240 -1.012066
8 -4.081762 -1.972060 -0.434039
6 -3.170030 -2.770077 0.167552
6 -1.729715 -2.059078 0.268573
7 -1.909097 -0.534426 0.238707
6 -2.087226 0.000000 1.668813
6 -3.543840 -0.223978 2.182742
7 -4.507727 0.403273 1.204860
6 -5.907733 -0.172282 1.255537
6 -6.567647 0.022541 -0.206131
8 -5.638741 0.057095 -1.195623
8 -7.813922 0.123189 -0.371619
1 -6.530250 0.303184 2.044586
1 -5.823137 -1.254433 1.459571
6 -4.526912 1.920854 1.322662
6 -3.690799 2.580391 0.111568
8 -3.449079 1.690352 -0.874993
8 -3.330309 3.790287 0.130965
1 -4.121484 2.245451 2.303253
1 -5.576657 2.260100 1.247798
1 -3.763723 -1.304355 2.232736
1 -3.632628 0.208079 3.205417
1 -1.370242 -0.498327 2.357704
1 -1.871934 1.077566 1.641303
6 -0.675741 0.136994 -0.392101
6 0.672397 -0.092688 0.393978
7 1.913075 0.544622 -0.257707
23 3.767264 0.226212 1.007760
8 3.303671 0.531261 2.505934
8 5.635775 -0.028290 1.204115
6 6.566285 -0.041300 0.215635
6 5.910317 0.103990 -1.253541
7 4.504233 -0.454639 -1.183665
6 3.548781 0.146231 -2.186082
6 2.088716 -0.037247 -1.667686
1 1.860699 -1.115355 -1.602337
1 1.379568 0.439794 -2.375982
1 3.634121 -0.324970 -3.191628
1 3.781185 1.221386 -2.276380
6 4.507297 -1.975628 -1.244703
6 3.665530 -2.580571 0.000000
8 3.294261 -3.787056 0.018004
8 3.431666 -1.651055 0.942284
1 5.553440 -2.323179 -1.158228
1 4.097255 -2.332249 -2.212149
1 5.837028 1.178387 -1.498705
1 6.529006 -0.407522 -2.022801
8 7.811249 -0.148206 0.386962
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8 4.099461 1.984516 0.360349
6 3.195607 2.767826 -0.271829
6 1.747864 2.068720 -0.342285
1 1.164043 2.384585 0.540876
1 1.202350 2.359344 -1.263327
3.409201 3.918310 -0.739458
1 0.896501 -1.168021 0.491940
1 0.612020 0.338198 1.406354
1 -0.606655 -0.267784 -1.414530
1 -0.914566 1.211148 -0.464355
1 -1.139820 -2.337071 -0.623235
1 -1.184693 -2.378116 1.180410
8 -3.371187 -3.940806 0.588075
8 -3.303928 -0.428322 -2.521691
Total Energy
-2089.58696197 Hartree
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Table A3. Atomic Coordinates and Thermal Tensors for Na2[(VO)2(ttha)] • 8 H2O.
Atom x y z U
V -0.3657(2) 0.79633(15) 0.18887(12) 0.0153(4)
O1 -0.5477(9) 0.9399(6) 0.1332(5) 0.0227(13)
O2 -0.3443(9) 0.6561(6) 0.1078(5) 0.0190(13)
O3 -0.2344(10) 0.6105(7) -0.0501(5) 0.0296(15)
O4 -0.2889(9) 0.8903(6) 0.2832(5) 0.0186(12)
O5 -0.1600(10) 0.8674(6) 0.4344(5) 0.0240(14)
O6 -0.5278(9) 0.6784(6) 0.3096(4) 0.0178(12)
O7 -0.5456(9) 0.4521(6) 0.4064(5) 0.0220(13)
N1 -0.0871(11) 0.8241(7) 0.0816(5) 0.0158(14)
N2 -0.1117(10) 0.6071(7) 0.2897(5) 0.0147(14)
C1 -0.0938(12) 0.9853(8) 0.0397(6) 0.0156(16)
H1A -0.0970 1.0202 0.1018 0.019
H1B -0.2268 1.0434 0.0038 0.019
C2 -0.0923(13) 0.7718(9) -0.0117(7) 0.0187(17)
H2A 0.0540 0.7192 -0.0336 0.022
H2B -0.1468 0.8586 -0.0740 0.022
C3 -0.2304(13) 0.6699(9) 0.0165(7) 0.0188(17)
C4 0.1056(13) 0.7331(8) 0.1429(7) 0.0175(17)
H4A 0.1283 0.7871 0.1879 0.021
H4B 0.2321 0.7174 0.0912 0.021
C5 0.0795(12) 0.5846(9) 0.2146(7) 0.0183(17)
H5A 0.0667 0.5275 0.1693 0.022
H5B 0.2060 0.5275 0.2560 0.022
C6 -0.0794(13) 0.6521(9) 0.3801(7) 0.0181(17)
H6A 0.0748 0.6270 0.3861 0.022
H6B -0.1412 0.5952 0.4486 0.022
C7 -0.1792(13) 0.8155(9) 0.3654(7) 0.0180(17)
C8 -0.2040(14) 0.4814(9) 0.3317(7) 0.0221(18)
H8A -0.1411 0.4131 0.3996 0.027
H8B -0.1699 0.4261 0.2785 0.027
C9 -0.4431(13) 0.5371(8) 0.3528(7) 0.0166(16)
Na1 -0.5000 1.0000 0.5000 0.0250(11)
Na2 0.0000 1.0000 0.5000 0.0258(11)
O1S -0.3433(9) 1.1655(6) 0.5245(5) 0.0234(14)
H1SA -0.3765 1.1779 0.5976 0.050
H1SB -0.3714 1.2626 0.4678 0.050
O2S -0.4525(12) 0.8457(7) 0.6848(6) 0.0356(17)
H2SA -0.542(13) 0.782(8) 0.699(6) 0.050
H2SB -0.524(14) 0.913(7) 0.728(5) 0.050
O3S 0.0538(14) 1.1294(9) 0.3160(7) 0.051(2)
H3SA -0.018(13) 1.178(11) 0.251(5) 0.050
H3SB 0.196(7) 1.140(12) 0.295(8) 0.050
O4S -0.5927(11) 0.6330(7) 0.8564(6) 0.0318(16)
H4SA -0.486(13) 0.628(10) 0.899(7) 0.050
H4SB -0.597(16) 0.532(5) 0.876(8) 0.050
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Table A4. DFT Calculated Coordinates and Total Energy For [(VO2) pydim- NMe2]-
Using LANL2MB Basis Set and B3LYP Functional
w gt x y z
23 0.000000 0.000000 0.000000
7 2.209521 0.000028 0.082449
6 2.884833 -1.192189 0.094217
6 4.289191 -1.231718 0.152359
6 5.017112 0.000097 0.191683
6 4.289110 1.231891 0.152570
6 2.884774 1.192301 0.094414
6 1.799908 2.327305 -0.019450
8 0.542890 1.758568 -0.356425
1 2.133238 3.069090 -0.792993
1 1.765563 2.862013 0.967348
1 4.810773 2.192754 0.151161
7 6.461625 0.000155 0.319524
6 7.178517 -1.252845 -0.091792
1 8.260578 -1.092329 0.047420
1 6.867156 -2.090208 0.555680
1 6.992356 -1.535145 -1.148893
6 7.178571 1.252744 -0.092963
1 8.260596 1.092464 0.046821
1 6.992765 1.533816 -1.150456
1 6.866938 2.090826 0.553435
1 4.810891 -2.192558 0.150759
6 1.800070 -2.327256 -0.019886
8 0.542943 -1.758545 -0.356514
1 1.765887 -2.862340 0.966714
1 2.133398 -3.068719 -0.793738
8 -0.328808 -0.000063 1.611947
8 -1.496556 -0.000039 -0.634282
Total Energy
-822.200955855 Hartree
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Table A5. DFT Calculated Coordinates and Total Energy For [(VO2) pydim]- Using
LANL2MB Basis Set and B3LYP Functional
w gt x y z
23 0.000000 0.000000 0.000000
7 0.079539 2.221252 0.000000
6 0.095042 2.884768 1.199633
6 0.095042 4.297892 1.229751
6 0.091169 4.994613 0.000000
6 0.095042 4.297892 -1.229751
6 0.095042 2.884768 -1.199633
6 0.147179 1.789245 -2.327926
8 0.404506 0.516300 -1.753855
1 0.942249 2.073032 -3.067482
1 -0.838004 1.813628 -2.866052
1 0.108559 4.843478 -2.181895
1 0.101550 6.094394 0.000000
1 0.108559 4.843478 2.181895
6 0.147179 1.789245 2.327926
8 0.404506 0.516300 1.753855
1 -0.838004 1.813628 2.866052
1 0.942249 2.073032 3.067482
8 -1.634692 -0.181872 0.000000
8 0.500004 -1.545811 0.000000
Total Energy
-689.890104373 Hartree
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Table A6. DFT calculated coordinates and total energy for [(VO2) pydim-Cl]- using
LANL2MB Basis Set and B3LYP Functional
w gt x y z
23 0.000000 0.000000 0.000000
7 -2.230033 0.000000 -0.029878
6 -2.888186 1.203624 -0.027288
6 -4.304666 1.250741 0.011331
6 -4.951991 0.000000 0.035876
6 -4.304666 -1.250741 0.011331
6 -2.888186 -1.203624 -0.027288
6 -1.788167 -2.332790 -0.111718
8 -0.531048 -1.751606 -0.403559
1 -2.098052 -3.068948 -0.899969
1 -1.789680 -2.868631 0.875069
1 -4.869348 -2.190750 0.012479
17 -6.887063 0.000000 0.054844
1 -4.869348 2.190750 0.012479
6 -1.788167 2.332790 -0.111718
8 -0.531048 1.751606 -0.403559
1 -1.789680 2.868631 0.875069
1 -2.098052 3.068948 -0.899969
8 1.538453 0.000000 -0.515984
8 0.196900 0.000000 1.630601
Total Energy
-704.244839368 Hartree
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Table A7. DFT Calculated Coordinates and Total Energy for [(VO2) dipic]- Using
LANL2MB Basis Set and B3LYP Functional
wgt____________ x___________ y___________ z
23 0.000000 0.000000 0.000000
7 -2.195062 0.000000 -0.001625
6 -2.867088 1.199687 -0.000971
6 -4.280744 1.226074 0.000374
6 -4.982730 0.000000 0.001021
6 -4.280744 -1.226074 0.000378
6 -2.867088 -1.199687 -0.000968
6 -1.795292 -2.373866 -0.001783
8 -0.548067 -1.838279 -0.002421
8 -2.092394 -3.599686 -0.000807
1 -4.811376 -2.187131 0.000904
1 -6.082774 0.000000 0.002038
1 -4.811376 2.187131 0.000897
6 -1.795292 2.373866 -0.001792
8 -0.548067 1.838279 -0.002429
8 -2.092394 3.599686 -0.000816
8 1.028994 0.000002 1.257399
8 1.038452 -0.000002 -1.249468
Total Energy
-835.875388213 Hartree
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Table A8. Crystal, Intensity Collection and Refinement Data For H3(pydim-Cl)+Cl 
and [H3(pydim-N(CH3)2)+Cr]2(H2O)
H3(pvdim-Cl)+Cl- [H3(pvdim-N(CH3)9)+Cl-T(H9O)
Formula C7H9Cl2NO2 C 18H32Q 2N 4O5
Formula Weight 210.06 455.38
Space Group P-1 Aba2
a, A 6.0651(8) 17.2179(14)
b, A 8.4393(8) 17.6332(15)
c, A 8.6554(9) 7.2068(6)
a, ° 78.845(1) 90
P, ° 83.156(1) 90
Y, ° 89.047(1) 90
V, A 3 431.55(8) 2188.0(3)
Z 2 4
Temperature, K 1 0 0 (2 ) 208(2)
p (calc), g cm -3 1.616 1.382
p (Mo, Ka), mm -1 0.708 0.333
Max., Min. trans. 0.9326, 0.8714 0.9363, 0.9363
0  range (deg.) 2.42 -  28.13 2.31 -  28.25
Completeness to 0 max (%) 93.6 94.5
Reflections Collected 7277 7089
Unique Collections 1975 2300
Data, restraints, params. 1975/0/115 2300/1/147
Rj, wR2 (I>2s(I)) 0.0274, 0.0665 0.0408, 0.1205
R 1 , WR2 (all data) 0.0337, 0.0699 0.0425, 0.1218
GOF 1.069 1.140
Largest diff. peak, hole (e/A-3) 0.278, -  0.307 0.737, -  0.480
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Table A9. Atomic Coordinates and Thermal Tensors for (H3pydim-Cl)+Cl\
Atom___________ x_______________ y_______________ z_______________ U
Cl1 0.28197(6) 0.46865(4) 0.40013(5) 0.02165(11)
O2 -0.40922(18) 0.13770(12) 0.07221(13) 0.0198(2)
H5 -0.5084 0.1564 0.0113 0.024
N1 -0.0553(2) 0.09459(15) 0.21769(14) 0.0141(3)
O1 0.37682(18) -0.15198(13) 0.40340(13) 0.0190(2)
H4 0.4900 -0.1752 0.3464 0.023
C2 0.2280(2) 0.16451(17) 0.35662(17) 0.0154(3)
H2 0.3519 0.1365 0.4138 0.018
C3 0.1491(2) 0.32227(17) 0.33061(17) 0.0163(3)
C7 -0.3164(2) 0.28433(18) 0.08787(18) 0.0176(3)
H13A -0.4308 0.3495 0.1381 0.021
H13B -0.2594 0.3470 -0.0179 0.021
C4 -0.0305(2) 0.36564(17) 0.24709(17) 0.0170(3)
H3 -0.0834 0.4735 0.2304 0.020
C6 0.1972(2) -0.12232(17) 0.31216(18) 0.0154(3)
H6A 0.0720 -0.1953 0.3628 0.019
H6B 0.2428 -0.1455 0.2052 0.019
C1 0.1225(2) 0.05037(17) 0.29755(17) 0.0143(3)
C5 -0.1304(2) 0.24722(17) 0.18878(17) 0.0152(3)
Cl2 0.24142(6) 0.23831(4) 0.84771(4) 0.01853(11)
H1 -0.124(3) 0.023(2) 0.183(2) 0.030(5)
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Table A10. Atomic Coordinates and Thermal Tensors for [(H3pydim-NMe2)+Cl']2(H2O).
Atom x y z U
Cl1 0.12290(3) 0.39512(3) 0.38410(14) 0.02961(19)
N1 0.39911(11) 0.57567(10) 0.4169(3) 0.0201(5)
C1 0.33676(12) 0.52954(11) 0.3968(4) 0.0193(5)
C2 0.26339(12) 0.55756(12) 0.4125(4) 0.0201(5)
H2 0.2209 0.5256 0.3970 0.024
C3 0.25174(13) 0.63589(12) 0.4526(4) 0.0188(5)
C4 0.31917(12) 0.68121(13) 0.4794(4) 0.0193(5)
H4 0.3142 0.7323 0.5095 0.023
C5 0.39128(13) 0.64967(13) 0.4609(4) 0.0185(5)
C6 0.35463(14) 0.44632(12) 0.3675(5) 0.0245(6)
H6 A 0.3530 0.4202 0.4859 0.029
H6 B 0.3153 0.4241 0.2879 0.029
C7 0.46598(13) 0.69355(12) 0.4897(4) 0.0228(5)
H7A 0.5027 0.6619 0.5562 0.027
H7B 0.4884 0.7054 0.3697 0.027
C8 0.11108(14) 0.61875(15) 0.4411(5) 0.0275(7)
H8 A 0.1103 0.5985 0.3175 0.033
H8 B 0.0655 0.6491 0.4609 0.033
H8 C 0.1119 0.5778 0.5290 0.033
C9 0.16776(15) 0.74681(16) 0.4925(6) 0.0335(7)
H9A 0.1752 0.7593 0.6210 0.040
H9B 0.1158 0.7597 0.4563 0.040
H9C 0.2040 0.7748 0.4182 0.040
N2 0.18032(11) 0.66559(11) 0.4654(4) 0.0237(5)
O1 0.42903(10) 0.43607(10) 0.2854(3) 0.0278(4)
H1 0.4239 0.4274 0.1743 0.033
O2 0.45482(11) 0.76131(10) 0.5894(3) 0.0254(4)
O3 0 . 0 0 0 0 0.5000 0.1736(5) 0.0302(7)
H2A 0.4357(18) 0.7892(18) 0.520(5) 0.019(8)
H3 0.0277(19) 0.4758(19) 0.226(5) 0.023(9)
H1N 0.4448(18) 0.5562(16) 0.421(5) 0.023(7)

